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Recent work implicates regulation of neurogenesis as a form of
plasticity in the adult rat hippocampus. Given the known effects of
opiates such as morphine and heroin on hippocampal function, we
examined opiate regulation of neurogenesis in this brain region.
Chronic administration of morphine decreased neurogenesis by
42% in the adult rat hippocampal granule cell layer. A similar effect
was seen in rats after chronic self-administration of heroin. Opiate
regulation of neurogenesis was not mediated by changes in
circulating levels of glucocorticoids, because similar effects were
seen in rats that received adrenalectomy and corticosterone re-
placement. These findings suggest that opiate regulation of neu-
rogenesis in the adult rat hippocampus may be one mechanism by
which drug exposure influences hippocampal function.

piates are among the most commonly abused illegal drugs

in the United States (1, 2). Several reports suggest that
chronic exposure to opiates, such as morphine and heroin, can
result in cognitive deficits (3-5). For example, heroin users have
poorer performance on attention, verbal fluency, and memory
tasks than controls (3), and rats chronically exposed to morphine
show impaired acquisition of reference memory (5). Such find-
ings suggest that long-term opiate use may produce maladaptive
plasticity in brain structures involved in learning and memory,
such as the hippocampus.

One aspect of the mammalian hippocampus that recently has
received considerable attention is the birth of new neurons that
occurs in the dentate gyrus throughout the lifetime of the animal
(6-8). This phenomenon has been described in rodents, non-
human primates, and, most recently, humans (9-12). Research
suggests that cells are born in the subgranular zone of the dentate
gyrus, migrate into the granule cell layer and express neuronal
markers (8, 13, 14), extend processes to CA3 pyramidal neurons
(15, 16), receive synaptic connections (10, 13, 16), and demon-
strate long-term potentiation (17). Although a growing number
of pharmacological and environmental manipulations have been
shown to influence adult neurogenesis, the functional implica-
tion of the newly born neurons remains poorly understood (see
Discussion). It has been proposed that the thousands of new
neurons born each day in the adult rodent hippocampus may
contribute to a variety of hippocampal-related functions, includ-
ing learning and memory (6, 7).

Drugs of abuse, including opiates, can significantly alter the
birth of neural progenitors during early stages of development
(18-20), yet it remains unclear what effect drug exposure has on
the birth of neural progenitors in the mature brain. Here we
examine the consequence of long-term opiate exposure on the
birth of new neurons in the adult rat hippocampus.

Materials and Methods

Animals and Drug Treatment. Adult, male Sprague—Dawley rats
(initial weight 275-300 g; Charles River Breeding Laboratories)
were used for all experiments. For chronic morphine treatment,
rats were given sham surgery (n = 10) or a morphine pellet (75
mg/pellet s.c.; n = 16) under light halothane anesthesia once a
day for 5 days. On day 6, rats were given BrdUrd (100 mg/kg i.p.;
Boehringer Mannheim) to label dividing cells. To evaluate the
effect of morphine on cell proliferation, some rats (sham, n = 6;

morphine, n = 9) were perfused 2 h after BrdUrd injection. To
evaluate the effect of morphine on survival of newly born cells,
the remaining rats (sham, n = 4; morphine, n = 7) were perfused
4 weeks after BrdUrd injection. For acute morphine treatment,
rats were given 0.9% NaCl (1 ml/kg i.p.) for 3 days to habituate
them to injection. On day 4, rats received either 0.9% NaCl (n =
3) or morphine (10 mg/kg; n = 7) at time ¢ = 0, BrdUrd at ¢ =
2 h, and were perfused at t+ = 4 h. The 2-h delay between
morphine and BrdUrd injection corresponds to the peak neu-
rochemical response and morphine-induced increase in locomo-
tion. To examine drug effects on general activity, locomotor
activity was measured on a separate group of chronic morphine
(n = 6) and sham rats (n = 6) (21). Morphine and control rats
did not differ in locomotor activity in circular chambers mea-
sured for 6 h the day after the last morphine or sham treatment
(data not shown). To evaluate the ability of an opioid receptor
antagonist to attenuate morphine-induced changes in cytogen-
esis, some sham and chronic morphine-treated rats were treated
concurrently with naltrexone (5 days of 50 mg/kg i.p. and 50
mg/kg s.c. emulsion; Naltrex—Sham, n = 4; Naltrex-Morph, n =
5) or saline (Sal-Sham, n = 6; Sal-Morph, n = 4) (22).

Self-Administration Paradigm. To facilitate acquisition of i.v. drug
self-administration, rats were first food-restricted and trained to
press one of two levers for food pellets. Once correct active
lever-press behavior had been established, rats were fed ad
libitum for 2 days before surgical implantation of a jugular
catheter (23). After 5 days of recovery, rats were returned to the
operant chamber and allowed to self-administer saline or heroin
on a FR1 schedule of reinforcement in a daily 6-h session. Heroin
self-administering rats (n = 5) received 60 ug/kg per injection
in 0.1-ml volume per active-lever press. Saline self-administering
rats (n = 4) received 0.1 ml saline per active-lever press.
Active-lever presses resulted in infusion of heroin or saline over
a 5-sec period, followed by a 10-sec timeout. Inactive-lever
presses were recorded as a measure of general activity. The two
groups were tested simultaneously for 6 h/day during their dark
cycle, 7 days/week for 26 days. During the three sessions before
the final session (days 23-25), rats received 0.9% NaCl (10
ml/kg, i.p.) at the fourth h of the 6-h session to habituate them
to injection. During the final session (day 26), rats received
BrdUrd 4 h into the session and were perfused at the conclusion
of the 6-h session.

Adrenalectomy (ADX) and Corticosterone Replacement. Rats under-
went either bilateral ADX (n = 16) or sham surgery (n = 16)
between 8 a.m. and 10 a.m. as described (24). ADX rats were
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given 0.9% NaCl after ADX to compensate for loss of salt. Some
sham and ADX rats (n = 5 each) were examined 5 days after
surgery to verify that ADX suppressed plasma corticosterone
levels and increased the number of newly born cells in the
subgranular zone of hippocampus as reported (25). All remain-
ing ADX rats (n = 11) received a corticosterone replacement
treatment that mimics the circadian rhythm of circulating adre-
nal steroids (ADX/Cort). This treatment consisted of (i) s.c.
implantation of a corticosterone pellet (40 mg, adjusted to 100
mg with cholesterol) to mimic the basal level of corticosterone
in the diurnal cycle (26) and (ii) corticosterone in their drinking
water at night to mimic the nocturnal rise in corticosterone (25
pg/ml corticosterone in 0.9% NaCl with 0.15% ethanol). This
corticosterone replacement treatment has been shown to nor-
malize circulating levels of corticosterone, neurogenesis in the
adult hippocampus, and the morphine-induced increase in lo-
comotor activity (24, 27). Sham and ADX/Cort rats began
morphine or sham treatment 4 days after surgery (Sham-Sham,
n = 5; Sham-Morph, n = 6; ADX/Cort-Sham, n = 6; ADX/
Cort-Morph, n = 5). Tail-vein blood from sham and ADX/Cort
rats was collected for analysis of baseline (day 4) and postdrug
(day 9) levels of plasma corticosterone via RIA (ICN).

Immunocytochemistry. All rats were killed via intracardial perfu-
sion with 4% paraformaldehyde. A freezing microtome was used
to collect serial coronal 30-um sections through striatum and
hippocampus. Every ninth section was slide-mounted and coded
before processing for immunocytochemistry to ensure objectiv-
ity. BrdUrd labeling requires the following pretreatment steps:
DNA denaturation (0.01 M citric acid, pH 6.0, 100°C, 10 min),
membrane permeabilization (0.1% trypsin, 10 min), and acidi-
fication (2 M HCI, 30 min). Primary antibody concentrations
were as follows: mouse anti-BrdUrd (Becton Dickinson, 1:100),
rat anti-BrdUrd (Accurate Chemicals, 1:100), rabbit anti-glial
fibrillary acidic protein (GFAP) (Dako; 1:2,000), and mouse
anti-NeuN (Chemicon; 1:50). Single-labeling immuno-
cytochemistry for BrdUrd cell counts was completed by using the
avidin-biotin/diaminobenzidine visualization method (Vector
Laboratories; Pierce) followed by counterstaining with Fast Red
or cresyl violet. Double-labeling for phenotypic markers and
triple-labeling for BrdUrd, GFAP, and NeuN used simultaneous
incubation in combinations of the following fluorescent second-
aries (Jackson ImmunoResearch): anti-rat CY2 (1:200), anti-
mouse CY3 (1:200), anti-rabbit CYS (1:500), and anti-mouse
rhodamine RX (1:300). For all immunocytochemistry, omit-
tance of the primary antibodies served as a negative control. In
addition, whereas most research suggests that BrdUrd is only
significantly incorporated into cells that are undergoing DNA
synthesis (28), some research suggests that BrdUrd can be
incorporated during RNA synthesis as well (29). To address this
possibility, adjacent sections from similar rostral/caudal levels
received BrdUrd pretreatment, treatment with either RNase A
(20 pg/ml; 30 min at 45°), DNase (1 unit/ul; 30 min at 37°),
RNase buffer (0.5 M NaCl/10 mM Tris, pH 8.0/1 mM EDTA;
30 min at 45°), or DNase buffer (40 mM Tris*Cl, pH 7.4/6 mM
MgCl,/2 mM CacCly; 30 min at 37°) alone, and then were placed
in primary antibody for BrdUrd and processed for avidin-biotin/
diaminobenzidine immunocytochemistry. Activity of the RNase
A enzyme was verified by its ability to abolish mRNA signal from
in situ hybridization with a riboprobe (30). Pretreatment with
RNase resulted in a similar number of BrdUrd-positive cells,
whereas pretreatment with DNase resulted in no BrdUrd-
positive cells, supporting the utility of BrdUrd as a marker of
newly synthesized DNA. Three techniques were used to assess
cellular damage in sections adjacent to those processed for
BrdUrd immunocytochemistry. First, apoptotic nuclei were de-
tected by using both morphological indicators and fragment end
labeling via terminal deoxynucleotidyl transferase (FragEL kit,
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Oncogene) (31). Second, Fluoro-Jade labeling was used to
screen for degenerating neurons as described (32). Finally,
pyknotic cells were counted in sections stained for cresyl violet.
Pyknotic cells were identified by dark staining, condensed
chromatin, and pale or absent cytoplasm (33). Positive control
tissue for all three techniques was generated by treating rats with
kainic acid (15 mg/kg, i.p.) and analyzing brain tissue at various
time points.

BrdUrd Quantification and Histological Examination. Coded slides
were examined for BrdUrd-positive cells in the dentate gyrus,
which were quantified by using the optical fractionator method
in which every ninth section through the rostral/caudal extent of
the hippocampus was examined (bregma —1.4 mm to —7.60 mm)
(34). The code was not broken until analysis for an individual
experiment was complete. All BrdUrd-positive cells within the
granule cell layer and hilus of the dentate gyrus were counted
regardless of size or shape. To enable counting of cell clusters,
cells were examined under X400 and X1,000 magnification.
BrdUrd-positive cells within the subgranular zone that were
within two cell body widths of the granule cell layer were
considered part of the granule cell layer (35). The total numbers
of BrdUrd-positive cells in the dentate gyrus (granule cell layer
+ hilus), or the granule cell layer or hilus alone, were multiplied
by 9 and are reported as total number of cells per region (mean
and SE). Raw data for cell counts were subjected to one-way
ANOVA followed by Dunnett’s post hoc comparisons. To
control for possible differences in bioavailability of BrdUrd
between treatment groups, BrdUrd-positive cells within the
subependymal zone and corpus callosum were quantified in a
similar manner. For immunofluorescent analysis, BrdUrd-
positive cells were first examined with fluorescent microscopy
(Olympus, New Hyde Park, NY) for double-labeling with NeuN
or GFAP. Confirmation of double-labeling was performed on a
confocal microscope (Zeiss LSM 510) using a X65 objective.
Confocal analysis was restricted to the top 15 wm of the section
where penetration of all three antibodies was reliable. Twenty-
five BrdUrd-positive cells per rat were subjected to confocal
analysis for verification of colocalization within the granule cell
layer. Sections were optically sliced in the Z plane by using
1.0-um intervals. Triple-labeled images presented here were
taken from one optical slice and imported into PHOTOSHOP
(Adobe Systems, Mountain View, CA) for composition pur-
poses. To determine the cross-sectional area of the dentate
gyrus, sections from the same rostral/caudal level were analyzed
by using an image analysis system (BIOQUANT). Briefly, the
counterstained granule cell layer at bregma —3.60 to —3.80 was
outlined at a magnification of X400. At least four sections (a
total of eight sides) were examined for each rat (36), and average
area was reported as um?.

Results

Chronic morphine-treated and control rats were given BrdUrd
to label dividing cells and killed 2 h later. BrdUrd-positive cells
were identified within the dentate gyrus granule cell layer and
hilus (Figs. 1 and 2). Morphine-treated rats showed 28% fewer
BrdUrd-positive cells in the granule layer of the dentate gyrus
relative to control rats (Figs. 1la and 2; dentate gyrus: —28%,
Fi14=5.71,P <0.05; granule cell layer: —28%, F} 14 = 5.56, P <
0.05; hilus: Fy 14 = 4.22, P = 0.06). The inhibitory effect of
morphine on cell birth in the dentate gyrus depended on the
duration of drug exposure, because rats given an acute injection
of morphine showed no difference from control in the number
of BrdUrd-positive cells in the granule cell layer or hilus (Fig. 1b;
dentate gyrus: Fig = 0.03, P > 0.05; granule cell layer: Fi g =
0.09, P > 0.05; hilus: F1g = 0.00, P > 0.05). In contrast to the
decrease of newly born cells in the dentate gyrus, chronic
morphine-treated and control rats showed equivalent numbers
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Fig. 1. (a and b) Effect of chronic or acute morphine on cell proliferation in the adult hippocampus. Means (SE) of BrdUrd-labeled cells in dentate gyrus 2 h
after BrdUrd administration. Filled bars = sham; empty bars = morphine. (a) Five days of morphine exposure decreases the number of proliferating cells in the
granule cell layer relative to control rats. (b) Acute morphine has no effect on the number of proliferating cells in the dentate gyrus. *, P < 0.05. (c) Effect of
chronic morphine on the survival of new cells in the adult hippocampus. Means (SE) of BrdUrd-labeled cells in dentate gyrus 4 weeks after BrdUrd administration.

Chronic morphine decreases the number of surviving cells in the granule cell layer relative to control rats. *, P < 0.05.

of BrdUrd-positive cells in the subependymal zone and corpus
callosum, two brain regions where cell division occurs in the
adult brain (data not shown; P > 0.05). This finding suggests that
the decrease in BrdUrd-positive cells in the dentate gyrus seen
in chronic morphine-treated rats is not caused by decreased
bioavailability of BrdUrd. Concurrent treatment with the opioid
receptor antagonist naltrexone attenuated the morphine-
induced decrease in the number of BrdUrd-positive cells in the
granule cell layer (granule cell layer: F3;5 = 5.7, P < 0.001;
Saline-Morph rats 33% fewer BrdUrd-positive cells than
Saline—Sham rats, post hoc P < 0.05; Naltrex—-Morph rats post
hoc P > 0.05). In sum, these data indicate that chronic, but not
acute, morphine treatment results in fewer newly born cells in the
dentate gyrus granule cell layer relative to control rats.

The morphology of proliferating cells is depicted in Fig. 2. In
both morphine-treated and control rats, BrdUrd-labeled cells
were darkly stained and irregularly shaped, appeared frequently
in clusters of two or more, and were localized within the
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Fig. 2. Effect of chronic morphine on the morphology and distribution of
proliferating cells in the adult hippocampus. (a) Schematic of coronal section
of rat hippocampal dentate gyrus indicating regions examined for BrdUrd-
positive cells. (b) BrdUrd-positive cells in the granule cell layer of a rat after 5
days of sham surgery. Note small, dark cells on border between granule cell
layer and hilus. (c) BrdUrd-positive cells in the granule cell layer of a morphine-
treated rat after 5 days of morphine. As quantified in Fig. 1, chronic morphine
treatment results in fewer BrdUrd-positive cells in the dentate gyrus relative
to control rats. (d-/) Examples of proliferating cells in the rat dentate gyrus 2 h
after BrdUrd administration. Dark, irregular shaped images are the BrdUrd-
positive nuclei; faint pink images indicate counterstained cells within the
granule cell layer. Many proliferating cells occur in clusters near the granule
cell layer (f-j) and within the hilus (/). Mitotic-like figures were evident in every
rat (e.g., k). GCL, granule cell layer; H, hilus. [Scale bar: (b and c) 100 um; (d-/)
10 wm.]
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subgranular zone (the border between the granule cell layer and
the hilus; Fig. 2) and throughout the hilus (e.g., Fig. 2 k and /).
The irregular shape and small size of the BrdUrd-labeled cells is
characteristic of newly born cells and provides evidence that
BrdUrd was not labeling mature cells undergoing DNA repair
(13). Mitotic-like figures were evident in every rat (e.g., Fig. 2k),
which further supports the identification of newly born cells by
this method. BrdUrd-positive cells in morphine-treated and
control rats did not differ in terms of their gross morphology, the
number of cells per cluster, the number of mitotic-like figures, or
the location of labeled cells within the subgranular zone or hilus.
In addition, morphine-treated and control rats did not differ in
terms of the number of pyknotic cells, the number of apoptotic
cells as detected by fragment-end labeling, or the number of
Fluoro-Jade-positive cells evident within the dentate gyrus.
Newly born cells in the dentate gyrus have different fates.
Some die, whereas others differentiate into neurons or glia (8,
14, 37). It was of interest to determine whether the morphine-
induced decrease in proliferation corresponded to a decrease in
the number of labeled cells that differentiate into neurons and
survive many weeks after BrdUrd administration. To study the
effect of morphine on the fate of newly born cells in the dentate
gyrus, cells labeled with BrdUrd were allowed to mature for 4
weeks. We determined the phenotype of the mature BrdUrd
cells by examining their morphology and location within the
dentate gyrus and the colocalization of BrdUrd-positive cells
with neuronal and glial markers. Morphine-treated rats killed 4
weeks after BrdUrd administration showed 47% fewer BrdUrd-
positive cells in the granule layer of the dentate gyrus relative to
control rats (Fig. 1c; dentate gyrus: —42%, Fy o = 7.54, P < 0.05;
granule cell layer: —47%, F19 = 6.51, P < 0.05; hilus: F; 9 = 4.00,
P = 0.08). Microscopic analysis showed that all BrdUrd-positive
cells in the granule cell layer 4 weeks after BrdUrd administra-
tion were round and large, with a pale, BrdUrd-negative cyto-
plasm (Fig. 3 a—g). In contrast, BrdUrd-positive cells in the hilus
were smaller and irregularly shaped (Fig. 3k). BrdUrd-positive
cells in morphine-treated and control rats did not obviously
differ in terms of their morphology or location and depth within
the granule cell layer. In addition, morphine-treated and control
rats did not differ in terms of the number of pyknotic cells, the
number of apoptotic cells as detected by fragment-end labeling,
or the number of Fluoro-Jade-positive cells evident within the
dentate gyrus. The cross-sectional area of the granule cell layer
was not significantly different between control and chronic
morphine-treated rats (control: 2.75 X 10° um? = 1.81 X 10%
morphine-treated: 2.69 X 10° um? = 0.84 X 10%). To determine
the phenotype of mature BrdUrd-positive cells, sections were
triple-labeled for BrdUrd, the mature neuronal marker NeuN,
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Fig. 3. Effect of chronic morphine on the morphology, distribution, and
phenotype of surviving cells in the adult hippocampus. (a-g) BrdUrd-positive
cells in the granule cell layer examined via bright-field microscopy show
neuronal morphology: large, round nucleus, pale cytoplasm, and localization
within the granule cell layer. BrdUrd-labeled nuclei show both dark, uniform
labeling (a, b, e, and f) and sparse, multipunctate labeling (c—e and g). (h-m)
Confocal images of triple-labeled cells from a sham surgery rat (h—k) and two
morphine-treated rats (/ and m). Cells are labeled for the mitotic marker
BrdUrd (green; h), the neuronal marker NeuN (red; i), and the glial marker
GFAP (blue; j). Arrows indicate cells double-labeled with BrdUrd and NeuN but
not with GFAP. Pointed line indicates cell double-labeled with BrdUrd and
GFAP but not with NeuN. Merged images of the three labels (k-m) show that
all BrdUrd-positive cells in the granule cell layer are NeuN-positive (yellow
cells; k-m), whereas hilar cells are NeuN-negative (green cell; k). Note that in
contrast to the neuronal morphology of BrdUrd-labeled cells in the granule
cell layer, BrdUrd-labeled cells in the hilus are small and irregularly shaped (h
and k). Morphine-treated and control rats did not differ in depth of BrdUrd-
positive cells within the granule cell layer. GCL, granule cell layer; H, hilus.
(Scale bar: a-g, 10 um.)

and the glial marker GFAP. Confocal analysis of triple-labeled
sections showed that the large majority of BrdUrd-positive cells
in the granule cell layer colocalized with NeuN (mean of 90% or
23/25 for controls, n = 4 rats; mean of 88% or 22/25 for
morphine-treated rats, n = 7 rats; Fig. 3 h-m) (14). For both
control and morphine-treated rats, no BrdUrd-positive cells in
the granule cell layer colocalized with GFAP, whereas many
BrdUrd-positive cells remaining in the hilus were GFAP-
positive. In sum, these data indicate that most mature, BrdUrd-
labeled cells in the granule cell layer of morphine and control
rats are neurons.

Comparison of BrdUrd-positive cells in the granule cell layer
of rats killed at the proliferation time point (2 h after BrdUrd
injection on day 6; Fig. 1a) versus those killed at the survival time
point (4 weeks after BrdUrd injection on day 6; Fig. 1c) reveals
that 64% of BrdUrd-labeled cells survive out to 4 weeks in
control rats but only 50% of BrdUrd-labeled cells survive out to
4 weeks in morphine-treated rats (P < 0.05). Interestingly, there
is no difference in the survival of BrdUrd-labeled cells in the
hilus, as both control and morphine rats show 64% of BrdUrd-
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Fig.4. Effect of chronic self-administration of heroin on cell proliferation in

the adult hippocampus. (a) Means (SE) of daily i.v. heroin (mg/kg) self-
administered over 26 days. (b) Means (SE) of BrdUrd-labeled cells in dentate
gyrus 2 h after BrdUrd administration. Filled bars, saline; empty bars, heroin.
Rats that self-administer heroin for 26 days show fewer BrdUrd-positive cells
relative to control rats. *, P < 0.05.

labeled hilus cells surviving at 4 weeks. These findings suggest
that the survival of BrdUrd-labeled cells in the granule cell layer,
but not in the hilus, may be diminished by chronic exposure to
morphine.

Having demonstrated that forced administration of opiates
decreases neurogenesis in the hippocampal dentate gyrus, it was
of interest to determine whether a similar effect occurs under
conditions more relevant to addiction. To study this possibility,
we examined the effect of i.v. self-administration of heroin on
BrdUrd-positive cells in the adult rat dentate gyrus. Daily i.v.
heroin intake is depicted in Fig. 4a (cumulative mean = 2.1
mg/kg = 0.1). Heroin self-administering rats and control rats did
not differ in inactive-lever presses (mean/session: control =
19.5 = 2.1, heroin = 18.1 = 6), indicating no difference in overall
motor activity. Rats that self-administered heroin 6 h/day for 26
days and were killed 2 h after BrdUrd administration showed
27% fewer BrdUrd-positive cells in the granule cell layer and
hilus relative to control rats (Fig. 4b; dentate gyrus: —27%;
Fi7="7.091, P <0.05; granule cell layer: —26%, F'; 7 = 5.46, P <
0.05; hilus: —31%, F17 = 5.41, P < 0.05). Taken together, these
findings show that volitional self-administration of opiates in
daily patterns that resemble human drug intake decreases the
birth of new cells in the dentate gyrus of adult rats.

Circulating levels of gluococorticoids are known to regulate
neurogenesis in the adult rat dentate gyrus. For example, stress
or administration of corticosterone decreases, and ADX in-
creases, the number of newly born cells in the adult dentate gyrus
(11, 25, 38). Morphine and heroin are known to activate the
hypothalamic-pituitary-adrenal axis, which causes an increase in
serum levels of corticosterone (39-42). Therefore, we addressed
the hypothesis that morphine mediates its inhibition of neuro-
genesis via an increase in circulating corticosteroids. One group
of rats underwent either sham surgery or bilateral ADX. All
ADX rats showed suppression of serum corticosterone (less than
1 ng/ml) and an increased number of BrdUrd-positive cells
relative to sham rats, confirming the effective removal of adrenal
glands (43). To normalize the ADX-induced decrease in corti-
costerone and the ADX-induced increase in cytogenesis, some
bilateral ADX rats received a corticosterone replacement treat-
ment (ADX/Cort) to mimic the circadian cycle of corticoste-
roids and normalize both cytogenesis and the morphine-induced
increase in locomotor activity (24, 27).

After confirming similar serum levels of corticosterone in
Sham and ADX/Cort rats, we then examined the effect of
chronic morphine on ADX/Cort rats. Four groups of rats were
examined for the effect of pretreatment (Sham or ADX/Cort)
and subsequent drug treatment (Sham or Morph): Sham-Sham,
Sham-Morph, ADX/Cort-Sham, and ADX/Cort-Morph.
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Fig. 5. Effect of ADX and corticosterone replacement on morphine regula-
tion of cell proliferation in the adult hippocampus. Means (SE) of BrdUrd-
labeled cells in dentate gyrus 2 h after BrdUrd administration. Sham-Sham:
sham ADX and subsequent sham surgery; ADX/Cort-Sham: bilateral ADX,
corticosterone replacement, and subsequent sham surgery; Sham-Morph:
sham ADX and subsequent morphine treatment; ADX/Cort-Morph: bilateral
ADX, corticosterone replacement, and subsequent morphine treatment.
Sham-Morph and ADX/Cort-Morph rats had fewer BrdUrd-positive cells in
the dentate gyrus relative to Sham-Sham and ADX/Cort-Sham rats. *,
P < 0.05.

Sham-Morph rats showed elevated corticosterone levels after
morphine treatment relative to levels before morphine treatment
(+150%) and relative to Sham-Sham rats (+196%). ADX/
Cort-Morph rats did not show elevated corticosterone levels
relative to levels before morphine treatment rats, confirming the
removal of the adrenals and the efficacy of the corticosterone
replacement treatment (24, 27). Sham—Morph rats killed 2 h
after BrdUrd administration showed 30% fewer BrdUrd-
positive cells in the granule cell layer of the dentate gyrus relative
to Sham-Sham rats (Fig. 5; dentate gyrus: —28%, F315 = 4.37,
P < 0.05, post hoc P < 0.05; granule cell layer: —30%, F3 15 =
4.16, P < 0.05, post hoc P < 0.05; hilus: F3 3 = 1.77, P > 0.05).
ADX/Cort-Morph rats showed a 37% decrease in BrdUrd-
positive cells in the granule cell layer relative to Sham—Sham rats
(Fig. 5; dentate gyrus: —33%, post hoc P < 0.05; granule cell
layer: —37%, post hoc P < 0.05; hilus: F335 = 1.77, P > 0.05).
These results show that a morphine-induced increase in corti-
costerone levels cannot account for the decrease in BrdUrd-
labeled cells in the dentate gyrus.

Discussion

Here we found that long-term exposure to opiates inhibits
neurogenesis in the adult rat hippocampus. We demonstrate that
chronic, but not acute, morphine decreases the number of
BrdUrd-positive cells in the subgranular zone of the dentate
gyrus. In addition, we found that chronic morphine decreases the
number of newly born neurons evident in the dentate gyrus 4
weeks after BrdUrd administration. Opiate regulation of cyto-
genesis had been observed only in vitro or in a developmental
context. In vitro, opiates have predominantly inhibitory effects
on cell proliferation (44). In vivo, opiates have pronounced
effects on cell proliferation and DNA synthesis in the developing
brain, although the direction of the effect depends on the age,
length of drug exposure, and brain region examined (18, 45, 46).
The present work constitutes evidence that chronic opiate
exposure can decrease the proliferation and survival of new
neurons in the mature, adult brain.

Forced, chronic administration of opiates, as in the morphine
pellet implantation protocol used here, is complicated by the
stress that is associated with nonvolitional exposure to the drug.
Volitional self-administration of opiates, as in daily “binge-like”
patterns, more accurately models the dose and duration of opiate
exposure experienced by heroin addicts (42). As presented here,
6 h/day of self-regulated heroin exposure also decreases the
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number of BrdUrd-positive cells in the dentate gyrus. It is
interesting to note that two distinct paradigms of chronic opiate
exposure—morphine pellet implantation and heroin self-
administration—both result in ~30% decrease in the number of
BrdUrd-positive cells in the dentate gyrus. The similar magni-
tude may suggest a limit to the inhibitory effects of opiates.
However, given the differences in the pharmacokinetics and
routes of administration of morphine and heroin used here,
additional studies are needed to evaluate this potential satura-
tion effect.

Stress and circulating corticosteroids have potent inhibitory
effects on adult neurogenesis (11, 25, 43). Like stressful expe-
riences, morphine and heroin are powerful activators of the
hypothalamic-pituitary-adrenal axis (39-42). We addressed the
possibility that a morphine-induced surge of corticosterone
might be responsible for the decrease in BrdUrd-positive cells by
removing the adrenal glands before morphine treatment. ADX
itself is known to increase neurogenesis and decrease drug-
induced behaviors (24, 43). Therefore, adrenalectomized rats
were given exogenous corticosterone to mimic the circadian
cycle and normalize both cytogenesis and the morphine-induced
increase in locmotor activity (24, 27). Adrenalectomized rats
given corticosterone replacement could not mount a morphine-
induced increase in corticosterone, yet they still showed fewer
newly born cells in the dentate gyrus relative to control rats. This
experiment demonstrates that increased levels of corticosterone
are not responsible for the opiate-induced decrease in cell birth
seen in the adult rat hippocampus.

Voluntary locomotor activity has been shown to increase
neurogenesis in the adult hippocampus (6). However, the opiate-
induced decrease in cell birth found here cannot be attributed to
opiate effects on general motor activity. Rats exposed chroni-
cally to morphine or heroin showed equivalent levels of activity
compared with control rats (see Materials and Methods).

If the inhibitory effect of cytogenesis in the hippocampus is not
secondary to activation of the hypothalamic-pituitary-adrenal
axis or to decreased locomotion, what is the mechanism under-
lying this action? One possibility is that opiates act directly on the
progenitor population to decrease proliferation. Morphine’s
ability to decrease proliferation of certain cultured cells appears
to be mediated through its direct action at the mu opioid
receptor (47). Although hippocampal progenitor cells have been
examined for a variety of receptors [e.g., N-methyl-D-aspartate
(NMDA), adrenal steroid (36), growth factors (37)], no study has
yet examined these cells for the presence of opioid receptors,
although opioid receptor mRNA and protein are present within
the subgranular zone of the adult dentate gyrus (48-50). An
alternative possibility is that opiates may act indirectly on the
progenitor population to decrease proliferation. For example,
opioid receptors on granule cell layer interneurons could me-
diate local release of growth factors (51). Clearly, resolution of
this question will require further investigation.

The present results further elucidate the neurobiological
factors that influence neurogenesis in the adult rat hippocampus
(51, 52). The birth of new cells in the dentate gyrus is decreased
by stress (11) and age (35, 53) and is increased by hippocampal-
dependent learning (7), environmental enrichment (54), and
voluntary exercise (6). Although the importance of identifying
factors that regulate adult neurogenesis is clear, there is still
significant debate about the functional implications of this
phenomenon. It has been proposed that neurogenesis plays a
role in cognitive aspects of hippocampal functioning (6, 7, 55,
56). For example, evidence suggests that the survival of newly
born cells in the adult dentate gyrus is positively influenced by
hippocampal-dependent learning (7, 55).

This hypothesis remains controversial, however, in that it has
not yet been established that newly born neurons are essential to
normal cognitive functioning in the adult. Nevertheless, it is
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tempting to speculate that the cognitive deficits seen after
chronic opiate use may be partly related to the decrease in
neurogenesis demonstrated here. Clinical research has shown
that opiate addicts demonstrate deficits in memory, attention,
verbal fluency, and general cognitive performance relative to
controls (3, 4). Although the central depressant effects of opiates
complicate the interpretation of studies of opiates on cognition,
evidence from basic research suggests that opiates interfere with
cognition independent of performance effects. For example,
chronic morphine treatment impairs the acquisition of radial
maze and Y-maze choice escape tasks, but does not alter
performance of the task if learned before drug exposure (5).
In sum, the decrease in neurogenesis documented in the
present study represents one mechanism by which opiates may
exert long-lasting effects on the neural circuitry involved with
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learning, memory, and cognition. Although the functional im-
plications of opiate-induced inhibition of neurogenesis remain
unclear, the present data establish the importance of considering
opiate-induced inhibition of hippocampal neurogenesis, and the
possibility of associated cognitive deficits, when considering the
long-term consequences of opiate addiction.
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